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Abstract
The velocity dispersion of stars within the galactic bulge (Stellar Velocity Dispersion,
σ∗) may be related to the mass of the central supermassive black hole. However, in
Active Galactic Nuclei (AGNs), direct observation of the absorption lines of bulge stars
is difficult due to the AGNs overwhelming luminosity. As a remedy, it has been suggested
that the width of the [OIII]5007A˚ emission line from the AGN may be used as a tracer
of σ∗. The [OIII] emission line is much easier to observe and analyze. Here, we measure
the full width at half max (FWHM) of the [OIII] emission line (σ[OIII]) for 65 local
active galaxies (0.02<z<0.09) to determine if it is a valid surrogate of σ∗. The galaxies
were selected from the Sloan Digital Sky Survey (SDSS) and re-observed with the 10m
Keck telescope. We also compare results from different apertures, integrating σ[OIII]
across the effective bulge radius, and using spatially resolved measurements. To measure
σ[OIII], three different fitting techniques are used: single Gaussian, double Gaussian, and
Gauss-Hermite polynomial. We expect the double Gaussian fit to be the most accurate
method to fit the [OIII] emission line due to its ability to isolate the underlying central
emission line component, ignoring any asymmetric wings caused by non-Keplerian inflow
or outflow. The mean σ[OIII]/σ∗ ratio for all 65 objects is 0.97 ± 0.03. On average, the
double Gaussian fit results in an effective method of estimating σ∗ using the [OIII]
emission line but with high scatter, some objects being off the average by a factor of
two.
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Chapter 1
Introduction
1.1 Active Galactic Nuclei
The following summary is based on An Introduction to Active Galactic Nuclei. (Peter-
son, 1997). The cores of galaxies can sometimes generate huge amounts of energy. In
some cases, a region not much larger than our solar system will outshine the entire host
galaxy (Figure 1.1). Such objects are known as Active Galactic Nuclei (AGNs). The
emission spectra of AGNs differ from stellar emissions and can exceed the energy out-
put of billions of stars. What could possibly generate energies comparable to an entire
galaxy and exist in a region on the order of light-days to light-years across?
1.2 AGN Emission
1.2.1 The Continuum Emission
The widely accepted explanation for an AGN is a supermassive black hole (SMBH)
accreting matter. The gravitational potential of the surrounding material is converted
to radiation as it falls towards the black hole. Matter closest to the black hole orbits
extremely quickly, forming an accretion disk. As matter plunges towards the black hole,
friction generates very high temperatures, resulting in a viscous plasma that radiates
based on its temperature. Regions of the accretion disk further from the black hole orbit
slower and are colder, thereby emitting lower energy electromagnetic radiation. When
observed as a whole, the black body emissions of the accretion disk sum together to
form a power law emission spectra, referred to as the power-law continuum.
1
2Figure 1.1: A general emission spectrum of an active galaxy compared to a dormant,
”normal”, one. The accretion of matter around the central black hole results in the
overall increase in intensity and emission range. So, the active galaxy spectra is a
combination of the normal galaxy and AGN emission. Image from Pennsylvania State
University Astronomy Department.
1.2.2 The Broad Line Region
The continuum emission radiates outwards from the accretion disk, photoionizing the
surrounding gas. As the ionized hydrogen and helium undergo recombination, emission
lines are produced. The gas, being in such close proximity to the black hole, orbits
at velocities on the order of 103 to 104 km/s. The extreme orbital speed results in
prominent Doppler broadening of the recombination emission lines. Hence, this region
of the AGN is referred to as the Broad Line Region (BLR).
1.2.3 The Narrow Line Region
Further from the black hole and BLR, gas orbits a factor of 10 to 100 times slower.
Therefore, emission lines observed from this region are less affected by Doppler broad-
ening. Consequentially, the region is known as the Narrow Line Region (NLR). The
smaller number of collisions, due to the lower orbital speed and lower density, reduce
the effect of collisional de-excitation. Thus, so-called forbidden electron transitions via
the emission of photons are able to exist in the NLR. One such emission line is the
prominent [OIII] 5007A˚ line, which is of particular interest for my research.
3Figure 1.2: A comparison between Seyfert-1 and Seyfert-2 spectra. No-
tice that the Type 1 spectra has a narrow and broad component in its emis-
sion lines whereas the Type 2 has only a narrow component. X-axis: wave-
length (A˚). Y-axis: arbitrary flux. Figure used from Extragalactic Astronomy
(http://www.uni.edu/morgans/astro/course/Notes/section3).
1.3 Unified Model: AGN Types
The emission spectra from AGNs can vary greatly from one another. In general, there
are two types of AGN spectra: one with broad and narrow emission lines as well as a
power-law continuum emission, one with narrow emission lines only (Figure 1.2). What
could account for some AGNs showing continuum, BLR, and NLR emission while having
others not show BLR emission at all? Referring to Figure 1.3, a simple explanation is
that the continuum and BLR lines can be physically obscured from view by an opaque,
dusty torus surrounding the accretion disk. If the torus lies between the observer and
the regions where emission lines are created, this emission will never reach the observer
and therefore be absent in any spectral analyses. The NLR however, is much further
away from the central black hole and is always visible, independent of the orientation of
the dusty torus to the line of sight of the observer. This brings rise to two distinct types
of AGNs based on their observable spectra. A Seyfert-1 galaxies has all emission line
regions visible, and Seyfert-2 galaxies have the BLR obscured from the observer. This
physical explanation for the AGN structure is known as the Unified Model (Figure 1.3).
1.4 Stellar Velocity Dispersion
An important measurement often taken when observing galaxies is the velocity disper-
sion of stars within the galactic bulge. This measurement is known as the stellar velocity
dispersion (SVD) and is a tracer of the mass of the bulge. Surprisingly, a relationship
exists between the bulge SVD and the mass of the central black hole (MBH) indicating
4Figure 1.3: A cross-section of an AGN. A viewer from the position labeled ’Seyfert
1’ will be able to see both the BLR and NLR emissions. A viewer in direction ’Seyfert
2’ will be unable to observe the BLR because of the opaque dusty torus. Image from
An Introduction to Active Galactic Nuclei by Bradley Peterson.
that the black hole and the central bulge grow together over time (Kormendy Ho, 2013;
Figure 1.4). Relations between the SMBH and host galaxy are known as MBH scaling
relations. However, it is often difficult or even impossible to determine the SVD of the
galactic bulge surrounding the AGN due to the overwhelming luminosity of the galactic
nucleus (Figure 1.5). It has been suggested that the width of the emission line of the
second ionization of oxygen, [OIII]5007A˚, can be used as a surrogate for the true SVD,
(σ∗), (Whittle 1992; Nelson 2000; Greene Ho 2005; Woo et al. 2016). The goal of
this thesis is to test the validity of such an assumption. In the following, I refer to the
surrogate SVD value determined by the [OIII] emission line as σ[OIII].
5Figure 1.4: The scaling relation between the mass of the central supermassive black
hole and the stellar velocity dispersion of the galactic bulge. Figure from Gultekin et
al. (2009).
Figure 1.5: This is a sample AGN spectrum, not from my own data-set. Notice
the large emission lines overwhelming the stellar absorption lines. Also note the [OIII]
emission line at 5007A˚, the focus of my research. This figure was published in ”Active
Galactic Nuclei” by R.D. Blandford, H. Netzer and L. Woltjer, (1990).
Chapter 2
Sample Selection, Observation,
and Data Reduction
For this research, a sample of 65 local (0.02<z<0.1) Seyfert-1 galaxies were selected
from the Sloan Digital Sky Survey (SDSS). This sample was chosen due to the proximity
and low-luminosity nature of the AGNs, allowing for σ∗ to be measured using stellar
absorption lines. The mass of each SMBH was measured using the width of the broad
Hβ lines (Benert et al. 2015).
The Keck-10m telescope’s Low Resolution Imaging Spectrometer (LRIS) was used to
take longslit spectra of each object. These spectral observations were made between
January 2009 and March 2010 with a typical exposure time of 600 to 1200 seconds, a
D560 dichroic was used in spectra taken in 2009 and a D680 dichroic for spectra from
2010. A 600/4000 grism was used to observe the blue spectra (3200 - 5600A˚) at a
resolution of 90 km/s (Bennert et al. 2012). The data reduction was performed prior
to my own research by Dr. Vardha N. Bennert and Chelsea Harris (Harris et al. 2012),
including bias subtraction, flat fielding, wavelength calibration, and cosmic ray rejection.
A Python code was effectively able to detect, fit, and subtract away stellar absorption
lines and the underlying power law continuum.
The LRIS spectra spatially resolve the bulge of each galaxy, by using a 1” wide long-slit
laid across the major axis of the galactic bulge, creating the possibility of taking spectral
data at multiple positions across the bulge. For example, in Kelsi Flatland’s research, she
performed operations on data taken at the exact center of the AGN. Nathan Milgram’s
research involved taking a series of spatially resolved spectra at various distances from
the galactic center and comparing their accuracy. In my research, the spectral data are
integrated from the center to the effective bulge radius, reff , to compare to Kelsi and
Nathan’s previous research.
6
7The value of reff for each object was derived using imaging outlined in Bennert et al.
(2015). The velocity dispersion within the spheroid effective radius was calculated as:
σ2spat,reff =
reff∫
−reff
(σ2spat(r) + v
2
spat(r)) · I(r) · r · dr
reff∫
−reff
I(r) · r · dr
(2.1)
with I(r) = I(reff) · exp(−κn · [(r/rreff)1/n − 1]) the surface brightness of the spheroid
fitted as a Se´rsic profile. Here, vspat is the rotational component of the spheroid. We
approximated κn = 1.9992n-0.3271 [valid for 0.5 < n < 10, Capaccioli et al. 1989;
Prugniel & Simien 1997]. (Note that n, rreff , and Ireff are taken from the image analysis.)
Equation (1) excludes any contributions to σ∗ from disk rotation. Essentially, the equa-
tion isolates the bulge from the galactic disk, corresponding with suggested models that
BH mass scaling relations only correlate with the bulge component of the galaxy (Kor-
mendy et al. 2011; Kormendy Ho 2013). Therefore, Equation (1) is considered to be
a proper way to measure σ∗ of bulge stars in the 65 local galaxies used as my sample
(Bennert et al. 2015). I took σ∗ determined by Equation (1) as the true stellar velocity
dispersion and compared said value to the SVD determined by measuring the line width
of the [OIII]5007A˚ emission in the spectrum integrated over an aperture equal to the
size of the effective bulge radius, reff .
Chapter 3
Analysis
3.1 Python Codes Used
Following the data reduction carried out by Dr. Vardha N. Bennert and Chelsea Harris,
I used Python codes developed by Dr. Mathew W. Auger (University of Cambridge,
UK) and altered by Dr. Bennert and Kelsi Flatland, to fit the [OIII] emission lines. The
codes provide the ability to fit the [OIII] line with a single Gaussian, double Gaussian,
and Gauss-Hermite Polynomials. The Python code also allows the user to alter the
wavelength range in which the fit is applied, allowing for the [OIII] emission line to
be isolated from neighboring lines. All codes used for each of the three fits were also
used by Nathan Milgram and Kelsi Flatland, former physics majors who wrote their
senior thesis’ along with me under the supervision of Dr. Vardha N. Bennert. I made
no alterations to the code other than redefining the directories the codes accessed. The
following subsections will provide details on these three different fitting methods.
3.2 Double Gaussian Fit
Many of the observed [OIII] emission lines have either a blue or red-shifted wing com-
ponent resulting from inflows or outflows, in other words, material not following the
gravitational potential of the bulge. Therefore, we use the central component of the
[OIII] line to measure σ[OIII] which is expected to be the best estimation for the ”true”
SVD. The main component of the double Gaussian is expected to be the best estimation
for σ∗, and therefore is expected to produce the closest to a 1:1 relation between σ∗ and
σ[OIII]. I determined a wing component to be any Gaussian fit whose peak is off center
from the central Gaussian curve.
8
93.3 Single Gaussian Fit
The single Gaussian fit is the simplest way to fit a Doppler-broadened emission line.
However, AGN emission lines and in particular the [OIII] emission line are known to
have asymmetries due to non-Keplerian motion, e.g infalls or outflows. Thus, the single
Gaussian curve is only a good fit in some cases and can only be used as a rough estimate
for the [OIII] line width. In the presence of wings, it will lead to an overestimation of
the width of the central [OIII] line.
3.4 Gauss-Hermite Polynomial Fit
In terms of fitting asymmetries, including wing components and any inflows or outflows,
Gauss-Hermite polynomials are superior. The Python code allows me to to determine
how well the line fit adheres to the true emission line shape. By increasing the order of
the Gauss-Hermite polynomial, subtler asymmetries and wings can be accurately fit. By
incrementally increasing the order of polynomial fit and visually inspecting the resulting
fit, the optimal Gauss-Hermite polynomial order was determined and used.
3.5 Fit Comparisons
Overall, the line width measurement using a single Gaussian curve is expected to be
an overestimate of the true line width due to the fit being broadened by any asymme-
tries and wings from non-Keplerian motion. Estimating σ[OIII] with the Gauss-Hermite
method is also expected to result in an overestimation compared to the true stellar
velocity dispersion. In a similar fashion to a single Gaussian fit, fitting all wings and
asymmetries will result in a broader fit and therefore a larger than expected σ[OIII].
The double Gaussian fit is expect to be the most accurate estimation of σ∗. By fitting
asymmetries and wings with the first Gaussian curve, the central [OIII] line is isolated
and can analyzed accurately. Out of the 65 objects in my data set, 28 (∼43%) have
a blue wing, 10 (∼15%) have a red wing, 14 (∼22%) have a central broad component,
and 13 (∼20%) have no wing at all. A double Gaussian fit is effective for this data set
due to the large percentage of wing components. The double Gaussian is applied only
to emission lines that very obviously, upon visual inspection, exhibit a wing or central
component.
10
Figure 3.1: An example of three different [OIII] emission line types (left to right: blue
wing, no wing, red wing) and how the double Gaussian, single Gaussian, and Gauss-
Hermite fits (from top to bottom) fit each. For symmetric emission lines, the single
Gaussian fit is appropriate to use. For emission line with large asymmetries such as
blue or red wing components, the double Gaussian fit is needed specifically, the central
component of the double Gaussian. A single Gaussian will attempt to take into account
any line asymmetries and overestimate the width of the [OIII] line. The Gauss-Hermite
fits are the best fit to the overall emission line, but also include any inflow or outflows
and will thus overestimate the σ∗.
Chapter 4
Results and Discussion
4.1 Comparison with σ∗
Prior to making comparisons between [OIII] line widths and σ∗, four objects (6.2%)
were removed from the sample due to σ∗ or σ[OIII] line width being below our resolution
threshold of 90 km/s. The resulting 61 σ[OIII] measurements were compared to the true
SVD value in the following ways to attempt to discover any correlations between σ[OIII],
σ∗, and properties of the host galaxies.
Fit Mean Std Dev of Mean
Double Gaussian 0.97 0.03
Single Gaussian 1.38 0.06
Gauss-Hermite 1.25 0.06
Table 4.1: Single Gaussian, Double Gaussian, and Gauss-Hermite polynomial fit
results.
4.1.1 Direct Line width and SVD Comparison
Figure 4.1 is a plot between the width of the central [OIII] emission line of the double
Gaussian fit and σ∗. The data points of the double Gaussian 1:1 plot appear to adhere
to the ideal 1:1 line (dashed) but with a large amount of scatter. The data points of the
single Gaussian (Figure 4.2) and Gauss-Hermite (Figure 4.3) 1:1 plots reveal the σ[OIII]
to be, on average, an overestimate of σ∗. The overestimate is due to the single Gaussian
and Gauss-Hermite fitting any red or blue wings present, and since the double Gaussian
isolates and eliminates width contributions from wings any overestimate is less present.
11
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Figure 4.1: The true stellar velocity dispersion (x-axis) versus the SVD determined
by the central component of the double Gaussian fit. The average ratio is 0.97 ± 0.03.
Figure 4.2: The true stellar velocity dispersion (x-axis) versus the SVD determined
by the width of the single Gaussian fit. The average ratio is 1.38 ± 0.06.
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Figure 4.3: The true stellar velocity dispersion (x-axis) versus the SVD determined
by the width of the Gauss-Hermite polynomial fit. The average ratio is 1.25 ± 0.06.
4.1.2 σ[OIII]/σ∗ Ratio and Galactic Properties Comparison
In order to determine if the size of the galactic bulge has any effect on the suggested
relationship between σ[OIII] and σ∗, the ratio between the two values is plotted against
the effective bulge radius. Figure 4.4 compares the σ[OIII]2G ratio to the effective radius
of the galactic bulge. There appears to be no direct correlation between reff and the
σ[OIII]2G ratio. On average, the use of a double Gaussian fit to estimate [OIII] is an
effective method, though for individual objects it is not. In addition, it appears galaxies
with larger reff have an underestimated σ[OIII] when compared to the true stellar velocity
dispersion, though more data is needed to make any relationship predictions. Figure
4.5 compares the σ[OIII]1G ratio to reff . As expected, the single Gaussian fit results
in an overestimate of the true stellar velocity dispersion. Again, there appears to be
no relationship between the [OIII] line ratio and reff . Finally, the σ[OIII]G−H ratio to
reff in Figure 4.6 also behaves as expected. The Gauss-Hermite polynomial fit results
in an overestimation of σ∗ on average. As with the other fits, there is no apparent
relationship between the σ[OIII]G−H/σ∗ ratio and reff . Furthermore, the σ[OIII]/σ∗ ratio
was compared to galactic properties such as the mass of the central black hole and galaxy
luminosity, with no resulting relationships discovered.
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Figure 4.4: The ratio between the double Gaussian fit result of the [OIII] emission
line to SVD versus the effective bulge radius.. Also graphed is the average of the
σ[OIII]2G/σ∗ (solid line) and a standard marker for a one to one ratio (dotted line).
Figure 4.5: The ratio between the single Gaussian fit result of the [OIII] emission line
to SVD versus the effective bulge radius. Also graphed is the average of the σ[OIII]1G/σ∗
(solid line) and a standard marker for a one to one ratio (dotted line).
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Figure 4.6: The ratio between the double Gaussian fit result of the [OIII] emission
line to SVD versus the effective bulge radius. Also graphed is the average of the
σ[OIII]G−H/σ∗ (solid line) and a standard marker for a one to one ratio (dotted line).
4.2 Literature Comparison
Using a double Gaussian fit, Woo et al. (2016) determined the [OIII] velocity dispersion
to be a factor of 1.3-1.4 greater than σ∗. Woo et al. (2016) attributes this factor
to inflows or outflows, which is consistent with our interpretation of why some [OIII]
emission lines exhibit asymmetric wings. However, Woo et al. (2016) use of double
Gaussian fitting differs from ours in that for his research the total fit result from the
double Gaussian was used to measure the [OIII] line width where as I used only the
central component in order to disregard the wing components. Even using the double
Gaussian fit in an altered fashion, my overall result that the [OIII] line width can be
used as a σ∗ surrogate on average, is still in accordance with Woo et al. (2016) findings.
However, my specific results are most comparable to the findings from the senior thesis
written by Kelsi Flatland and Nathan Milgram. Flatland found, for double Gaussian
fitting, the average value of σ[OIII]2G/σ∗ to be 0.97 with a standard deviation of 0.03.
For a single Gaussian fit she found an average of 1.32 with a standard deviation of
0.06. Finally, for Gauss-Hermite fits an average of 1.28 with a standard deviation of
0.06. Overall, my findings are consistent with those of others: the [OIII] emission line
can only be used as a surrogate for σ∗ when averaged and with the double Gaussian fit
being the most suitable method, but with high scatter and individual galaxies being off
by a factor of 2.
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RA+DEC ID σ∗ (km/s) σ[OIII]1G (km/s) σ[OIII]2G (km/s) σ[OIII]G−H (km/s)
0013-0951 71 96 222 148 209
0026+0009 5 172 189 189 194
0038+0034 73 127 197 144 189
0109+0059 74 183 197 127 180
0121-0102 11 90 226 139 223
0150+0059 76 176 150 111 150
0206-0017 2 225 212 178 230
0212+1406 77 171 172 143 172
0301+0115 79 99 274 146 263
0336-0706 9 236 174 120 175
0353-0623 6 175 151 151 153
0802+3104 16 116 141 124 142
0811+1739 114 142 122 121 124
0813+4608 10 122 108 108 108
0845+3409 126 123 104 89 109
0857+0528 19 126 148 123 146
0904+5528 20 194 150 123 145
0921+1017 22 83 143 104 143
0923+2254 23 149 247 142 237
0923+2946 138 142 111 102 111
0927+2301 24 196 193 175 194
0932+0233 26 126 146 117 144
1029+1408 155 185 175 159 172
1029+2728 31 112 162 131 168
1029+4019 156 166 189 121 186
1042+0414 32 74 147 146 148
1049+2451 34 162 145 144 142
1058+5259 162 122 140 113 138
1101+1102 35 197 192 143 187
1104+4334 36 87 134 102 131
1116+4123 13 108 163 148 167
1137+4826 39 155 231 158 238
1143+5941 177 122 114 106 112
1144+3653 15 168 158 115 152
1145+5547 41 118 182 89 175
1147+0902 180 147 162 108 159
1205+4959 187 152 194 166 187
1210+3820 43 141 171 132 167
1216+5049 44 189 212 180 205
1223+0240 45 124 166 123 164
1231+4504 196 169 280 226 281
1241+3722 197 144 153 123 148
1246+5134 202 119 125 115 126
1306+4552 47 114 153 122 157
1312+2628 204 109 108 107 112
1323+2701 49 124 186 128 184
Table 4.2: Column (1): Right Ascension and declination. Column (2): object list
number. Column (3): spatially resolved stellar velocity dispersion, σ∗ (uncertainty of
0.04 dex). Column (4): surrogate SVD from the single Gaussian fit. Column (5):
double Gaussian fit results. Column (6): Gauss-Hermite polynomial fit results. All
fitting techniques result in an uncertainty of 10%.
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RA+DEC ID σ∗ (km/s) σ[OIII]1G (km/s) σ[OIII]2G (km/s) σ[OIII]G−H (km/s)
1405-0259 51 125 175 133 172
1416+0137 52 173 270 171 259
1419+0754 53 215 260 260 260
1434+4839 54 109 156 130 154
1535+5754 57 110 186 155 182
1543+3631 214 146 195 127 187
1545+1709 58 163 159 142 160
1554+3238 59 159 225 200 235
1605+3305 61 187 128 128 129
1606+3324 62 157 206 96 202
1611+5211 63 116 210 146 210
1636+4202 205 205 218 198 216
1708+2153 91 231 206 168 209
2140+0025 99 126 249 113 245
2221-0906 102 142 137 110 136
2222-0819 103 122 399 210 344
2233+1312 106 193 209 152 199
2327+1524 70 225 211 126 205
2351+1552 109 186 224 146 217
Table 4.3: Table 4.2 continued
Chapter 5
Conclusion
This research was spurred by the potential existence of a correlation between the galac-
tic bulge stellar velocity dispersion and the width of the [OIII] emission line. Such a
relationship could be used to analyze the scaling relation between the mass of the central
black hole and σ∗ in active galaxies where the AGN luminosity prevents stellar velocity
measurements. To test for a σ∗-σ[OIII] relationship, three different fitting techniques were
applied to the [OIII] emission line of 65 local active galaxies: single Gaussian, double
Gaussian, and Gauss-Hermite polynomial.
Overall, all three fitting techniques produced a significant amount of scatter seen in the
σ∗ vs. σ[OIII] plots. As expected, the double Gaussian fit produced the most accurate
results due to its ability to isolate emission line components resulting from non-Keplarian
motion such as inflow or outflows of gas. The σ∗/σ[OIII]2G ratio is on average the closest
to a 1:1 relation, especially when wing components are present in the [OIII] emission
line. So, if large data sets are used, using the central (non-wing) component of a double
Gaussian fit is suggested, but for individual objects, the measured σ[OIII] can be as much
as a factor of two over or underestimate. There appears to be no correlation between
σ[OIII] and the effective bulge radius. In addition, no relationship is present between
σ[OIII] and other galactic properties such as the luminosity of the bulge and the mass of
the central black hole.
There are possibilities to increase the accuracy of this method of relationship determi-
nation. Firstly, other fitting methods such as Lorentzians may be able to better account
for central broadening components present in some objects (∼22% of sample). Secondly,
further analysis of individual outliers and continued investigation into any possible re-
lationships between the [OIII] emission line width and unusual galactic properties may
reveal previously unknown correlations.
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Appendix A
Figures
Figure A.1: 35/65 objects fitted with a single Gaussian curve. Black line: observed
[OIII] emission line. Red line: single Gaussian fit. Blue line: residual. Code used to
produce these images can be found in Appendix B.
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Figure A.2: Same as Figure A.1 for the remaining 30/65 objects.
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Figure A.3: 35 of 65 objects fitted with a double Gaussian curve. Black line: [OIII]
emission line. Magenta line: wing component Gaussian. Green line: central component
Gaussian. Red line: combined Gaussian fit. Blue line: residual. Code used to produce
these images can be found in Appendix B.
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Figure A.4: Same as figure A.3 for the remaining 30/65 objects.
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Figure A.5: 35 of 65 objects fitted with a Gauss-Hermite polynomial curve. Black
line: [OIII] emission line. Red line: Gauss-Hermite polynomial fit. Blue line: residual.
Code used to produce these images can be found in Appendix B.
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Figure A.6: Same as figure A.5 for the remaining 30/65 objects.
Appendix B
Supermongo Plotting Code
Figure B.1: Supermongo code used to produce figures A.1 through A.6. Within the
code there are comments denoted by the ’’ marker explaining how individual lines of
code operate.
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Figure B.2: Figure B.1 continued.
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Figure B.3: Figure B.1 continued.
